In this issue of Neuron, Ambrozkiewicz et al. (2018) define a new molecular circuit controlling neuronal polarization and migration through the transcription factor SOX9 to coordinate the production of regulators of both protein synthesis and degradation.
The development of the cerebral cortex requires the careful orchestration of cell-fate specification, migration, and neuronal maturation. Establishment of axon-dendrite polarity is an essential aspect of neurogenesis as this solidifies the functional and morphologic distinctions that underlie circuit formation and information flow. Great strides have been made in identifying individual molecules contributing to the signaling cascades that induce the transition from an unpolarized to polarized neuron both in vitro and in vivo (Yogev and Shen, 2017) . However, many questions remain unresolved regarding the control of spatiotemporal adoption of neuronal polarity. Now, Ambrozkiewicz et al. (2018) establish a novel molecular program that includes a role for SOX9 in neocortical development by inducing the expression of Nedd4-like E3 ubiquitin ligases WWP1 and WWP2 as well as the Wwp2-embedded, intragenic microRNA, miR-140. Together, these molecules shape protein expression to promote neuronal polarization as well as proper neuronal laminar distribution. Their study demonstrates coordination of these two distinct pathways acting in parallel to modulate the expression of polarity-regulating proteins using a combination of translational inhibition and targeted protein degradation (Ambrozkiewicz et al., 2018) .
Corticogenesis proceeds as neural progenitors (radial glia) give rise to new-born neurons that undergo distinct morphological transitions as they migrate from the ventricular zone to their destination in the cortical plate ( Figure 1A ). Following division near the ventricle, neurons briefly transit toward the pia and enter the multipolar stage, sprouting multiple neurites and moving in an irregular migratory fashion. These cells eventually adopt a bipolar morphology with the emergence of a single leading and single trailing process. These structures are the antecedents of the apical dendrite and axon with the latter beginning elongation shortly after the cell assumes a bipolar morphology. These bipolar neurons migrate along radial glial processes as they navigate toward the cortical plate. This link between polarization and migration has led to insights into the core machinery driving this process. Studies have shown that a number of cellular pathways and proteins contribute to the effective production of polarized neurons, including growth factor receptors, kinases, phosphatases, small GTPases, scaffolding proteins, microtubule-associated proteins, and actin cytoskeletal regulators (Hansen et al., 2017) .
While each of these components affects neuronal polarization, less is known about the regulation of their appearance, disappearance, or dose. An example of the exquisite timing required for the induction and removal of polarization factors is the biphasic expression of FOXG1 as overexpression perturbs the ability of cells to move through the multipolar phase and also affects their radial migration into the cortical plate (Miyoshi and Fishell, 2012) . How FOXG1 levels are normally reduced as the cells enter the multipolar phase is unclear, but many diverse cellular mechanisms are responsible for protein turnover, including proteasomal degradation, lysosomal targeting, and autophagy. Alternatively, varied levels of protein expression can also occur via reduced ribosomal activity at particular messages through the action of microRNA/RISC complex-dependent and -independent RNA-binding protein complexes. Restricting only the levels of a designate protein or its message re-quires a degree of specificity, and the large families of both E3 ubiquitin ligases and microRNAs expressed in the developing nervous system meet this requirement. In fact, two reports have linked specific proteasomal factors (CUL3/ Bacurd2) (Gladwyn-Ng et al., 2015) or microRNAs (Dicer/miRs 22 and 124) (Volvert et al., 2014) to neuronal polarization in the cortex. These reports focused on defining individual or groups of either E3 ligase substrates or microRNA targets, respectively, rather than the mechanisms governing the spatiotemporal expression of these regulators. Equally important is to expand our understanding of how various proteostatic pathways can synergize to provide a rapid and robust remodeling of the intracellular machinery as nascent neurons become polarized. Early work in cultured neurons suggested a role for the ubiquitin-proteasome system in neuronal polarization by regulating the sub-cellular distribution of the kinase Akt through selective degradation (Yan et al., 2006) . Studies in the cerebellum have shown the importance of regulated protein degradation to progression through the neuronal polarization program as well, linking both the regulation of protein degradation via signaling events and the specific targeting of transcriptional components and other polarity factors to influence polarity adoption (de la Torre-Ubieta and Bonni, 2011; Ong and Solecki, 2017) . Ambrozkiewicz et al. (2018) pursued the role of the paralogous Nedd4family E3 ubiquitin ligase family members WWP1 and WWP2 in the developing dorsal telencephalon ( Figure 1B) . The effect of simultaneous loss of both genes was explored using either hippocampal neurons from mice bearing conditional Wwp1 and Wwp2 alleles that were transfected with codon-improved cre (iCre) recombinase or short hairpin RNAs (shRNAs) targeting Wwp1/Wwp2 mRNAs for knockdown (KD). Both approaches significantly increased the number of cells producing more than one axon. These in vitro experiments were done in parallel with iCre/GFP in utero electroporation of progenitors in the developing cerebral cortex. Here, the most striking effect was impaired cortical migration, but targeted cells also displayed perturbed polarity with multiple trailing processes and in some cases inverted cells. However, loss of Wwp2 expression using iCre or shRNAs targeting either Wwp1 or Wwp2 mRNA only affected migration, not neuronal polarization. These findings imply redundancy between these two closely related ligases. Unfortunately, the interpretation of experiments perturbing Wwp2 expression are confounded by the fact that this locus also contains the sequence encoding a microRNA previously believed to be cartilage specific, miR-140.
The authors first established that miR-140 was indeed expressed in the developing neocortex. They next tested whether and how miR-140 might be influencing cortical development using knockout mice and microRNA depletion with decoy miR targets as well as miR rescue experiments. They determined that the 3p strand of the microRNA was the relevant player in the cortex using a microRNA sponge construct that increased the number of cells producing supernumerary axons in culture and affected migration, reducing the progression of multipolar cells. The authors complemented these studies using an existing miR-140 knockout mouse that also displayed perturbed migration and neuronal morphologies when progenitors were electroporated with a GFP expression vector, effects that could be reversed with the addition of a plasmid expressing miR-140. Translation inhibition is often the function of microRNAs, and the authors next sought to determine which proteins' levels were increased following loss of miR-140. They compared wild-type and miR-140 knockout brain tissue using quantitative mass spectrometry, identifying several candidates, including the protein kinase FYN, which has previously been shown to regulate neuronal migration through its regulation of protein degradation (Simó and Cooper, 2013) .
The authors show that miR-140 targets an untranslated region of Fyn mRNA and that introduction of an shRNA targeting Fyn into the miR-140 null cortex reduced FYN expression and partially rescued the neuronal migration and morphology phenotypes. Given the relationship between WWP2 and miR-140, the authors also determined that conditional loss of Wwp2 did not affect miR-140 levels and that loss of WWP1/WWP2 expression did not affect levels of FYN. The authors also did experiments to complement the WWP1/WWP2 phenotype with miR-140 alteration and vice versa, only to conclude that these pathways impinge on distinct downstream effectors. Consistent with this possibility, electroporation of neural progenitors with constructs that affected all three components led to an even more severe phenotype based on live imaging and immunohistochemical staining that indicated compromised radial translocation and cell-fate adoption, respectively. that transit through a multipolar phase (boxed) before adopting a bipolar morphology and continuing their migration along a radial process to their destination in the cortical plate, which is ultimately accompanied by further differentiation of secondary features (e.g., basal dendrites). Mutant neurons (orange, lacking either expression of both Wwp1 and Wwp2 or miR-140 production) fail to display a bipolar morphology and are often unable to reach their target cortical layer. (B) The transcription factor SOX9 activates transcription of the Wwp1 and Wwp2 loci, which concomitantly produces the microRNA miR-140. The latter was demonstrated to reduce protein levels of the kinase FYN and potentially other molecules (listed in blue with question marks). Similarly, the upstream regulators of SOX9 transcriptional activity in the developing cortex (question mark) remain to be elucidated.
Having established the roles of these two pathways in regulating cortical development, the authors looked at how these elements might be engaged during neuronal maturation. Previous studies had illuminated the transcription factor SOX9 as a key regulator of WWP2/miR-140 expression. Here, the authors show with transcriptional reporter assays that SOX9 also affects Wwp1 expression. SOX9 is also expressed in the developing cortex at the appropriate time points despite usually being considered an early patterning transcription factor or restricted to glia in the adult. They show that shRNA-mediated KD of SOX9 mRNA resulted in deficits similar to those observed for WWP1/ WWP2 or miR-140. Consistently, loss of Sox9 expression produced a concomitant reduction of WWP1, WWP2, and miR-140, and re-expression of this triad in cells lacking SOX9 led to recovery of normal migration and morphology in vivo. However, experiments using primary cultures indicate that Sox9 mRNA KD produces a reduced dendritic arbor that does not recover after reintroduction of WWP1/WWP2 and miR-140, providing evidence that additional targets of SOX9 also contribute to subsequent morphogenic events.
This work illuminates a new pathway controlling neuronal polarization and migration, thus delineating a molecular circuit from its transcriptional induction to its proteostatic function to regulate components of the morphogenic machinery. These revelations also produce several new questions and directions of investigation. One of the outstanding knowledge gaps regarding neuronal polarity is an incomplete catalog of extracellular cues that convey directional and positional information to newly generated neurons. Defining the upstream molecules and signals that direct SOX9 activity at these loci would offer greater insights into the transcriptional basis of polarization and perhaps link it with known patterning factors in the cerebral cortex or reveal new ones. Second, it remains to be determined whether the proteostatic mechanisms described act throughout the polarizing neuron or if they are restricted to mRNA and proteins in either the newly specifying axon or dendrite? Or perhaps distinct targets exist in both domains? Third, the identification of the full complement of targets for both WWP1/WWP2 and miR-140 will be essential to the development of an accurate model of how the timing of the multipolar-to-bipolar transition is regulated. Finally, the role of ubiquitin ligases in regulating neuronal polarization suggests that deubiquitinating enzymes may also be present, serving as a counterbalance to the degradation, and their contribution should also be considered in future studies. Ambrozkiewicz et al. (2018) highlight the central role that protein expression timing plays in brain development where patterning events can begin and cease within minutes or hours such that regulatory systems must act and react accordingly. Together with previous work, their results portend future discoveries that will reinforce the intricate nature of proteostasis during brain patterning and ultimately reveal the forces directing transcription, protein synthesis, and degradation to produce the signaling melody that yields polarized neurons.
